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Abstract: Fischer-Tropsch cobalt-based catalyst deactivation is one of the major challenges facing 
gas-to-liquids processes. Changes in catalyst formulation and pre-treatment methods are among 
the promising routes to address this challenge. In this study, diluted CO was used to pre-treat a 
0.5%Pt/25%Co/Al2O3 catalyst, in comparison to H2, and the resulting effects on catalyst stability, 
activity and product selectivity were evaluated. The investigation was performed using BET, TEM, 
TPR, XPS and XRD techniques, combined with catalyst evaluation in a 1L continuously stirred 
tank reactor. The results reveal that microporous carbon shells encapsulate Co particles during 
activation by CO at higher temperatures, resulting in lower activity and higher methane selectivity 
compared to the H2-reduced catalyst, at early reaction times. However, the CO-activated catalyst 
displayed superior stability, resulting in better performance at extended time-on-stream compared 
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to a deactivating H2-activated catalyst, which showed an increase in CH4 selectivity and a decline 
in C5+ hydrocarbon formation rate. 
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1 Introduction 
Fischer-Tropsch (FT) synthesis is an established process that catalytically converts synthesis gas 
to liquid fuels. Only cobalt- and iron-based catalysts are currently used for commercial 
applications [1]. For cobalt-based catalysts, formulations and operating conditions resulting in 
longer catalyst life are desired in order to improve the process economics. To date, one of the 
major challenges encountered for these catalysts under realistic FT conditions, is deactivation with 
time-on-stream. For example, Saib et al. [2] have reported data that show close to 50% activity 
loss for a Pt/Co/Al2O3 catalyst within 50 days on stream during realistic FT conditions (230 
oC, 20 
bar, H2/CO of 2/1 and (H2 + CO) conversion of 50 - 70%) in a 100-barrel/day slurry bubble column 
reactor. They identified cobalt sintering, carbon deposition and cobalt surface reconstruction as 
the causes of deactivation in the presence of clean synthesis gas [3]. Tsakoumis et al. [4] reviewed 
the literature on cobalt-based FT catalysts and reported that the proposed deactivation mechanisms 
are i) poisoning, ii) cobalt sintering, iii) carbon formation and fouling, iv) cobalt re-oxidation, v) 
cobalt carbidization, vi) metal-support solid state reactions and surface reconstruction, vii) 
leaching of active phase and viii) attrition. 
On the other hand, appropriate changes in catalyst formulation or pre-treatment conditions have 
been reported to inhibit the deactivation of cobalt-based catalysts. For example, Lahtinem and 
Somorjai [5] found that K inhibited the formation of carbon on a cobalt foil model catalyst during 
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CO hydrogenation.  Saeys et al. [6] found that promoting a 20%Co/ɣ-Al2O3 catalyst with 0.5% 
boron improves the catalyst stability without affecting the activity and C5+ hydrocarbons 
selectivity. With boron present, density functional theory (DFT) calculations showed that C* at 
step and clock sites on the Co surface became destabilized.  That is, boron prevented the adsorption 
of C* and thus, prevented nucleation and growth of polymeric carbon [7]. Sasol researchers 
utilized a novel chemical vapor polymerization of acetone to produce a carbon layer on ɣ-alumina 
that served to anchor cobalt particles, resulting in the formation of homogeneous small cobalt 
crystallites with large inter-particle distances, which might be more resistant to sintering [8].  
Recently, the Davis group used phosphorus to anchor cobalt particles and decrease the sintering 
rate of Co/silica catalysts [9]. Other studies involving TiO2-supported cobalt catalysts [10 - 12] 
have reported improved catalyst stability during FT reaction after pre-treatment using a CO-
containing gas. This study aims at extending these findings to a Pt/Co/Al2O3 catalyst system by 
investigating the effect of catalyst activation using diluted CO on catalyst stability, activity and 
product distribution during the FT reaction. 
 
2 Materials and methods 
2.1 Catalyst preparation and characterization  
    The catalyst was prepared by a slurry impregnation method reported in an early study [13] and 
contained 25 wt.% Co and 0.5 wt.% Pt as promoter, on an SBA-200 ɣ-Al2O3 support. Brunauer-
Emmett-Teller (BET), Transmission electron microscopy (TEM), X-ray photoelectron 
spectroscopy (XPS) and X-ray diffraction (XRD) analyses were performed on H2- and CO-reduced 
samples after passivation. BET analyses were performed on a Micromeritics 3-Flex system using 
N2 as the analysis gas while TEM analyses were performed using a JEOL 2010 F apparatus with 
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a field emission gun operating at 200 keV. XPS characterization was performed on a Thermo 
Scientific K-Alpha XPS apparatus equipped with an Al K (1486.6 eV) source (pass energy of 20 
eV).  The acceleration voltage was 10 kV and the emission current for the X-ray source was 12 
mA. The spectra were measured at an emission angle around 90 o. The electron energy analyzer 
operated in fixed analyzer transmission (FAT) mode with a constant pass energy of 50 eV for 
survey (wide) scans and 20 eV for high resolution scans. The overall resolution of this XPS is 
around 1.1 eV. Peak fitting was conducted using Avantage software. A Philips X’pert 
diffractometer with monochromatic Cu K-alpha radiation (λ= 1.54 Å) was used for XRD analyses 
over a range of 2θ of 5–90◦. Temperature programmed reduction (TPR) analyses were performed 
on calcined catalyst samples using a Zeton-Altamira (AMI-200) unit fitted with a thermal 
conductivity detector (TCD). Ar was first used to purge the catalyst sample at 300 oC for 30 min 
before introducing the analysis gas: 10%CO/He or 10%H2/Ar at a flow of 30 ml/min after cooling 
close to room temperature. The sample was heated to 600 or 900 oC in presence of   10%CO/He 
or 10%H2/Ar, respectively. A heating rate of 10 
oC/min was used for the analyses. 
 
2.2 Catalyst activation and evaluation  
    Catalyst activation was performed at atmospheric pressure in a fixed-bed reactor using a space 
velocity of ca. 4 NL/g-cat/h of pure hydrogen or 5%CO/He gas. Diluted CO was used to limit the 
amount of carbon formed in the catalyst. The activation with H2 was performed at 350 
oC, while 
300, 350 and 400 oC were selected for catalyst activation by CO. The reduction time period was 
generally 15 hours. A heating rate of 2 oC/min was used up to 100 oC, after which the rate was 
decreased to 1 oC/min to reach the desired temperature. After activation and cooling to room 
temperature, part of the catalyst sample (10-11 g) was transferred in a N2-purged CSTR containing 
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melted polywax 3000 without exposure to air. The remaining was passivated at room temperature 
using a small flow of 1% O2 /He and stored for XRD, TEM and BET analyses. The H2-reduced 
sample was denoted H-350-15 where the middle part indicates the reduction temperature in oC and 
the last part, the activation time at 350 oC in hours. Similarly, CO-reduced catalyst samples were 
respectively named as C-300-15, C-350-15 and C-400-15. An additional sample, C-350-00 was 
heated to 350 oC under a flow of diluted CO, followed by cooling as soon as this temperature was 
reached. 
The evaluation of the catalyst for FT reaction was performed, without further activation, at 220 
oC and 20 bar. A H2/CO ratio of 2/1 was used, and the CO- and H2-reduced catalysts were 
compared at i) similar space velocity of 6 NL/g-cat/h and ii) similar CO conversion levels (ca. 
39%). Liquid products from the reactor were collected in knockout pots kept at 0 and 100 oC 
respectively and analyzed offline, while gaseous products were analyzed online using an HP (Quad 
series, Refinery Gas analyzer) microGC equipped with a thermal conductivity detector (TCD). To 
ensure reproducibility, each measurement was repeated at least once. A third analysis was 
performed in case where the difference between the first two measurements exceeded 5%.  
3 Results and discussion 
3.1 Catalyst characterization  
    XRD data for H2- and CO-activated catalyst samples are summarized in Figure 1. The activation 
of catalyst using H2 mainly led to Co
0, whereas using CO mainly led to CoO for the samples 
reduced at 300 and 350 oC, and to Co0 for the sample reduced at 400 oC. The results for TPR 
analyses, respectively in the presence of H2 (H2-TPR) and CO (CO-TPR), are reported in Figure 
2.  
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    A small peak at ca. 100 oC was observed in the H2–TPR profile before a second peak with a 
maximum value at ca. 200 oC, followed by another peak that starts at ca. 300 oC before reaching 
its maximum value at 480 oC. Nabaho et al. [14] have recently combined various techniques, 
including TPR coupled with thermal conductivity detector (TCD) and mass spectrometer (MS), 
X-ray electron spectroscopy (XPS) and XRD analyses, to identify the reduction peaks of a 
20%Co/Al2O3 in comparison to a Pt (0.5%)-promoted Co/Al2O3 catalyst and a physical mixture 
of 0.5%Pt/Al2O3 and 20%Co/Al2O3 catalysts. The data for Pt/Al2O3 catalyst did not show any 
reduction peak as Pt was reduced below 60 oC.  The unpromoted 20%Co/Al2O3 catalyst sample 
showed 5 reduction peaks, which were respectively identified as i) Co(NO3)2, NO3
−, or possibly 
CoO(OH), ii) reduction of Co3O4, iii) reduction of CoO, iv) reduction of CoO in close interaction 
of the Al2O3 support and v) reduction of non-stoichiometric cobalt alumina complexes and/or 
CoAl2O4 species. Reading from their reported TPR profile, these peaks reached their maximum 
values at ca. 200, 280, 540, 650 and 860 oC, respectively.  They found that for Pt/Co/Al2O3 catalyst, 
the first three peaks shifted to lower temperatures, i.e., to 128, 216 and 415 oC respectively, while 
the last two peaks disappeared. In agreement with this earlier study [14], the three peaks observed 
in Figure 2 have respectively been attributed to the reduction of residual cobalt nitrates and that of 
Co3O4 to CoO species, which are subsequently reduced to Co
0. In the presence of CO, the catalyst 
displays an unresolved reduction peak at ca. 290 oC, which is rapidly followed by a second peak 
that starts at ca. 370 oC before reaching its maximum at ca. 440 oC. The first peak is due to the 
reduction of Co3O4 to CoO and the second peak represents processes that include the reduction of 
CoOx species to Co0. This is in agreement with the XRD data, which showed that catalyst samples 
reduced by CO at temperatures below 370 oC mainly contained CoO. Co0 was only detected in the 





Figure 1. XRD data for a) H-350-15; b) C-300-15; c) C-350-00; d) C-350-15 and e) C-400-15. 
 





Figure 2. TPR analysis data for Pt/Co/Al2O3 catalyst in presence of a) H2 (10% in Ar) and b) CO 
(10% in He) respectively. 
 
Another feature that can be observed in Figure 2 is a high TCD signal after the second peak in 
presence of CO. As the temperature was limited at 600 oC, the analysis was continued in an 
isothermal mode in order to establish whether the TCD signal will return to its original baseline. 
This was not observed, even after 60 min at 600 oC, and suggests that significant and steady carbon 
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deposition was taking place on the catalyst surface, in agreement with TEM data discussed in the 
next paragraph. 
    Activating the catalyst with H2 at 350 
oC or CO at 400 oC led to a similar cobalt crystallite size 
range (6 – 20 nm) as suggested by the TEM images in figures 3 a and b. Carbon materials in the 
form of nanotubes (in small amount, Figure 3a and c) and nano-shells coating cobalt particles 
(Figure 3d) formed in presence of CO.  
     Reports from the literature suggest that the nature of carbon, which forms on the surface of 
cobalt species during thermal treatments, depends on the carbon source and process conditions. 
For example, the chemical vapor-condensation process used by Wang et al. [15] , where cobalt 
carbonyl was used as a precursor in the presence of CO as carrier gas, led to an amorphous carbon 
shell at 400 - 1000 oC. Using XRD, they detected the presence of fcc and hcp cobalt phases along 
with Co2C and Co3C carbides in the synthesized carbon-coated cobalt nanocapsules. They did not 
observe any fullerene-sized carbon clusters in the TEM data of their samples. On the other hand, 
a number of studies [16 - 19] have reported the formation of graphitic carbon shell around cobalt 
particles. Lu et al. [16] obtained cobalt nanoparticles that were covered by graphitic carbon shells 
with different porosities through a pyrolysis process at 1000 oC using different carbon sources such 
as pluronic surfactant P123, KoratinSH surfactant and furfuryl alcohol. Narkiewicz et al. [17] 
obtained carbon-coated cobalt particles after methane decomposition at 500 oC. Similarly to our 
study, they also observed the formation of multiwalled carbon nanotubes. Li et al. [18] coated 
cobalt particles by chemical vapour deposition of methane over Co/Al catalyst at 650 oC.  In 
contrast, they did not observe the formation of carbon nanotubes. They attributed the inhibition of 
carbon nanotubes formation to the effect of the Al support. Moodley et al.  [19] observed the 
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formation of graphite on a Pt/Co/Al2O3 catalyst after reduction and subsequent exposure to CO at 




Figure 3. TEM micrographs for a) C-400-15; b) H-350-15; c) multiwalled carbon nanotube 
formed on C-400-15 and d) carbon-coated Co particles in C-400-15 catalyst samples. The red 
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circle marks indicate cobalt particles. The scale bars represent 50 nm in micrographs a and b and 
2 nm in micrographs c and d. 
 
The distance between carbon layers in the nano-shells around the cobalt nanoparticles observed 
in the presence of CO in this study (Figure 3d) was ca. 0.34 nm, suggesting that under these 
conditions, the observed carbon shells are of a graphitic structure [18].   
TEM analyses were also performed on C-400-15 and H-350-15 samples after FT reaction; the 
micrographs are reported in Figure 4. The size distribution of Co particles in the used C-400-15 
catalyst remained within 5- 20 nm (Figure 4a) as for the fresh catalyst (Figure 3a), and the carbon 
layers around Co particles were maintained under FT conditions (Figure 4a-insert). However, 
significant growth in size of Co particles is observed in the used H-350-15 catalyst, where large 
cobalt agglomerates with sizes approaching 100 nm and above (Figure 4b) formed under FT 
conditions.   
XPS analyses were conducted to acquire additional information on the type of carbon species 
that formed on the catalyst surface during activation and reaction, respectively. The C 1s data for 
reduced catalyst samples before and after FT reaction are presented in figure 5. The identification 
of the deconvoluted peaks was performed using the guidelines reported in table 1; the proportion 
of the various types of carbon on the catalyst is reported in table 2. In agreement with TEM data, 
the catalyst reduced using CO at 400 oC (C-400-15) contained carbon that was mainly in graphitic 
form on the surface, i.e. > 60% as indicated by the peak at the binding energy of ca. 284.3 eV 
(table 2 and figure 5a). A peak that suggests the presence of carbidic carbon on the catalyst surface 
was detected at ca. 283.5 eV along with peaks that are attributed to polymeric and oxygenate 
carbon at 284.8 and 286.1 eV respectively. Carbidic and graphitic carbon were also present in the 
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catalyst reduced using CO at 300 oC (C-300-15) but in smaller amounts compared to the catalyst 
reduced at 400 oC (table 2). Carbidic carbon was not detected in C-300-15 and H-350-15 spent 
catalysts (figure 5b, and table 2), however, graphitic carbon remained on the catalyst surface during 
the FT reaction. Polymeric carbon was detected in all the used catalysts, including the sample that 




Figure 4. TEM micrographs for used catalyst samples: a) C-400-15 (scale bar: 20 nm for the main 












Table 1. XPS peak identification for C 1s. 
 
Binding Energy (eV) Peak identification References 
282.8 or 283.3  Carbidic Carbon, i.e. C-Co [20 – 22] 
284 - 284.5 graphitic carbon (C-C) [23] 
284.6 - 285.5 Polymeric carbon or aliphatic carbon (HC-CH) [23] 












Table 2. Proportion of carbon species on catalyst surface as determined by XPS analysis. 
 
Catalyst Atomic % 
 Carbidic carbon Graphitic carbon Polymeric carbon Wax or polyol 
Before reaction     
C-400-15 6.4 61.0 22.0 10.6 
C-300-15 5.4 28.3 35.3 31.0 
H-350-15 - - 39.3 60.7 
After reaction     
C-400-15 6.6 69.2 17.2 7.0 
C-300-15 - 70.6 21.0 8.4 
H-350-15 - 72.5 17.4 10.1 
 
 
BET analyses were performed to check whether carbon deposits that formed on CO-reduced 
catalyst samples obstructed the pores of the catalyst support. The data in Table 3 suggest that no 
significant pore obstruction occurred, as comparable pore volumes (0.23 – 0.25 cm3/g) and sizes 
(7.4 – 7.8 nm) were measured for H2- and CO-activated catalyst samples. Furthermore, the catalyst 
sample that was reduced by CO at 400 oC (C-400-15) even possesses a larger pore volume and 
size of ca. 0.32 cm3/g and 9.5 nm, respectively. However, the BET surface area has shown 
dependence on the activation conditions used. After 15 hours of catalyst activation, the resulting 







Table 3. BET data for H2 and CO-reduced catalyst samples 























This trend shows that for CO-reduced samples, the BET surface area increases with an increasing 
reduction temperature and is related to the amount of carbon deposited on the catalyst. A similar 
trend was observed by Cheng et al. [24] who impregnated a SiO2 support with glucose, which led 
to carbon coating of the support upon calcination in N2 at 450 
oC. Subsequent impregnation of the 
modified support with a cobalt nitrate solution produced carbon-coated nano cobalt oxides after 
calcination in N2. They measured BET surface areas of 233, 246 and 270 m
2/g, respectively for 
catalysts containing 5, 10 and 50% deposited carbon, in comparison to 261 m2/g for the carbon-
free catalyst. They explained this trend by the contribution of the surface area of micropores of the 
carbon layer that compensates for the decrease in the surface area of the support.  
 
3.2 Catalyst evaluation  
    When compared at similar space velocity, the H2-reduced catalyst showed superior CO 
conversions (Figure 6a and table 4), lower CH4 selectivity (Figure 6b and table 4), higher formation 
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rate for C5+ hydrocarbons (Figure 6c) and comparable light (C2 - C4) olefin-to-paraffin ratios 
compared to CO-reduced catalysts (Figure 7).  
    A CO conversion of ca. 55.4 % was measured after 18 hours on stream over the H2-activated 
catalyst (H-350-15) and rapidly decreased almost linearly, to ca. 41% after 161 hours of reaction. 
Concomitantly, an increase in methane selectivity from ca. 7.2 (after 18 hours) to 9. 7% (after 161 
hours) was observed. A similar behaviour for Pt/Co/Al2O3 catalyst has been observed in earlier 
studies [2, 13, 25]. Das et al. [13] compared the deactivation rate of Pt-promoted and unpromoted 
Co/Al2O3 catalysts and found that the decline in CO conversion with time-on-stream was more 
rapid on the promoted catalyst. As they measured similar cobalt particle sizes in both catalysts, 
they ruled out the view of rapid re-oxidation of small particles in the Pt/Co/Al2O3 catalyst to 
explain their findings. Similarly, Saib et al. [2] dismissed cobalt re-oxidation as the main 
mechanism for the deactivation of their catalyst. They used X-ray absorption near edge 
spectroscopy (XANES) measurements to study the susceptibility of cobalt nanoparticles to 
oxidation under realistic FT conditions (230 oC, 20 bar, H2/CO ratio of 2/1, and CO + H2 
conversion levels of 50 – 70%). They observed that the catalyst underwent further gradual 
reduction during the FT reaction and found that cobalt crystallites with sizes of 6 nm and above 
were stable against oxidation. In a subsequent study [3], they concluded that cobalt crystallites 
larger than 2 nm do not undergo surface oxidation under realistic FT conditions. They rather 
identified sintering of cobalt particles and carbon deposition, which can also induce surface 
reconstruction, as intrinsic deactivation mechanisms for the cobalt catalysts under these conditions. 
Using in-situ XRD analysis, Karaca et al. [25] observed cobalt sintering at early reaction times, 




Figure 6. Comparison of CO- and H2-activated Pt/Co/Al2O3 catalyst samples at similar space 
velocity: a) CO conversion, b) CH4 selectivity and c) rate of C5+ hydrocarbons formation.  H-
350-15; □ C-300-15; ▲ C-350-00; ○ C-350-15 and ◆ C-400-15 catalysts. (220 oC, 20 bar, H2/CO 
















    CH4 CO2 C2-C4 C5+ 
H-350-15 18 6.0 55.4 7.2 1.4 9.5 81.8 
 66 6.0 50.5 8.0 1.1 10.6 80.3 
 88 6.0 48.9 8.3 1.0 10.7 80.0 
 114 6.0 46.9 9.0 1.0 10.6 79.4 
 138 6.0 45.1 9.0 0.9 11.3 78.8 
 162 6.0 40.9 9.7 0.9 11.3 78.2 
 186 6.0 39.7 9.6 0.8 11.6 78.0 
 211 6.0 39.3 9.5 1.1 11.2 78.3 
 234 6.0 38.9 8.7 0.6 10.9 79.8 
 259 6.0 33.4 10.7 0.7 12.1 76.6 
 282 6.0 33.4 10.1 0.6 11.3 78.0 
 304 6.0 31.6 10.9 0.7 12.4 76.0 
 330 6.0 29.9 11.7 1.2 13.0 74.1 
 357 6.0 27.4 12.2 1.2 13.4 73.3 
C-300-15 18 6.0 20.2 24.3 1.7 14.8 59.2 
 66 6.0 28.8 18.8 1.3 14.8 65.1 
 88 6.0 28.4 19.0 1.2 14.1 65.8 
 114 6.0 27.9 19.5 1.1 13.3 66.1 
 138 6.0 29.3 17.6 1.1 12.6 68.7 
 161 6.0 28.8 17.9 1.5 12.3 68.2 
 186 6.0 27.8 18.7 1.5 12.9 66.9 
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 210 3.0 69.5 12.9 2.3 8.9 75.9 
 234 4.6 39.2 14.6 1.2 11.5 72.7 
 258 4.6 37.5 16.0 1.2 10.7 72.1 
 281 4.6 39.1 14.5 1.0 9.5 75.0 
 305 4.6 37.2 15.5 1.1 10.4 73.0 
 329 4.6 36.5 15.8 1.1 10.4 72.7 
 357 4.6 37.7 14.8 1.1 9.9 74.2 
C-350-0 16 6.0 10.0 25.1 1.3 17.8 55.9 
 39 6.0 30.8 13.8 0.8 12.5 72.9 
 65 6.0 30.1 14.0 0.7 12.9 72.4 
 89 6.0 30.9 13.2 0.7 12.6 73.6 
 114 6.0 29.9 13.3 0.8 12.8 73.1 
 140 6.0 30.2 13.4 0.7 12.7 73.2 
 162 6.0 31.2 12.8 0.7 12.0 74.6 
C-350-15 22 6.0 29.9 15.6 1.2 11.5 71.7 
 46 6.0 27.6 16.9 1.2 11.9 70.0 
 71 6.0 27.0 17.6 0.9 12.3 69.2 
 94 6.0 27.9 16.8 0.9 11.6 70.7 
 120 6.0 27.9 16.9 1.4 12.1 69.7 
 146 6.0 28.3 16.2 0.9 12.0 71.0 
 167 6.0 26.1 18.1 1.0 12.7 68.2 
C-400-15 18 6.0 24.7 19.8 1.4 13.7 65.1 
 42 6.0 26.0 18.0 1.1 13.2 67.8 
 66 6.0 25.9 18.3 1.3 13.0 67.4 
 91 6.0 26.1 17.4 0.9 13.3 68.4 
 117 6.0 27.8 17.5 0.9 12.3 69.3 




Figure 7. a) C2; b) C3 and c) C4 olefin-to-paraffin ratio over H2- and CO-reduced catalyst samples. 
 
 
Since carbon deposition is gradual under FT conditions and expected to be significant at 
extended reaction times, the rapid deactivation pattern observed in this study can be mainly 
attributed to sintering of cobalt particles as shown by TEM data for the used catalyst (Figure 4b). 
These findings are in agreement with an earlier study [26] from our laboratory, which used a 
15%Co/Al2O3 catalyst that was promoted by small amounts of rhenium. The extended X-ray 
absorption fine structure (EXAFS) analysis of reduced samples of 0.2%Re/15%Co/Al2O3 catalyst, 
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which were withdrawn from the reactor during FT reaction, showed significant increase in Co-Co 
metal coordination, which may be due to sintering of cobalt particles with time-on-stream, 
resulting in catalyst deactivation. 
All CO-activated catalysts stabilized at CO conversion levels between 25 and 31%, with the 
lowest values (after 40 hours on stream) measured on the C-400-15 catalyst sample. This was not 
expected since this sample displayed better reduction of cobalt oxides to Co0 compared to other 
samples which mainly contained CoO. Furthermore, as suggested by the TEM data discussed 
earlier, it contained cobalt particles within a size range comparable to that in the H2-activated 
catalyst sample (H-350-15) that displayed higher conversions. This observation points to the 
inhibition of CO conversion, resulting from carbon deposits that formed during catalyst activation. 
These carbon deposits become more significant at elevated temperatures and explain the observed 
overall trend in CO conversion: C-300-15 > C-350-15 > C-400-15 (Figure 6a). The C-300-15 
sample first displayed a low CO conversions and excessive CH4 selectivity approaching 25% at 
an early reaction time (18 hours on stream), and subsequently improved to stabilize at CO 
conversion levels close to 30%. These data show that the catalyst was further reduced under FT 
conditions, in agreement with earlier studies [2, 27], which also used a Pt/Co/Al2O3 catalyst. The 
C-350-0 sample, expected to contain less carbon deposits than the C-350-15 sample, initially 
displayed a poor CO conversion of ca. 10% (Figure 5a) and CH4 selectivity of ca. 25% (Figure 6b) 
after 16 hours on steam, suggesting poor catalyst reduction. Similar to the C-300-15 sample, it was 
further reduced during FT reaction and stabilized around a CO conversion of 31% with an 
improved CH4 selectivity around 13%, compared to a CO conversion of 26-28% and CH4 
selectivity of 16-18% measured on the C-350-15 catalyst sample.  
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    The negative effect of carbon on cobalt catalysts has mainly been explained by mechanisms 
including i) carbide formation [10, 28 - 32] and ii) active site blocking or encapsulation by inert 
carbon [19, 20, 33, 34]. Our XPS data showed that some carbide formed during catalyst reduction 
with CO, however, as this species were not detected in spent catalyst samples, it is most likely that 
they were transformed during FT reaction. Therefore, cobalt coverage by carbon can most likely 
explain the measured data. Lee et al. [33] deposited carbon on reduced Co/ɣ-Al2O3 catalysts by 
CO disproportionation at 250, 300, 350 and 400 oC to study the effect of carbon deposits on CO 
hydrogenation (250 – 350 oC, H2/CO ratio of 2/1 and atmospheric pressure). They found that the 
amount of carbon deposits increased and that of atomic surface carbon was more transformed into 
polymeric and graphitic carbon as the deposition temperature was increased. Cobalt surface was 
covered by stable multilayer carbon that was difficult to remove even at 400 oC in the presence of 
H2. They found a significant decrease in catalyst activity with an increasing amount of deposited 
polymeric and/or graphitic carbon that were believed to block the active sites. The distribution of 
hydrocarbons was only slightly affected but the olefin-to-paraffin ratio was observed to increase 
with carbon deposition. Cheng et al. [24] also observed high selectivity to methane and light 
hydrocarbons on catalysts containing significant amounts of carbon on the surface. Zhai et al. [34] 
used ethylene to treat a Co/Al2O3 catalyst at 250 
oC for 1 and 3 hours, respectively, after activation 
by H2 and during catalyst reduction in presence of H2 (10%C2H4/H2) at 450 
oC. Using Raman 
spectroscopy, temperature programmed hydrogenation (TPH) and thermal analysis, they found 
that atomic, polymeric and graphitic carbon formed in the C2H4-treated catalysts. Atomic carbon 
and carbon highlands formed in samples treated at 250 oC and partially blocked the active sites, 
resulting in a slight decrease in CO conversion. The sample treated at 450 oC contained thicker 
graphitized carbon layers that inhibited the reactant gas from reacting on active sites, resulting in 
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a significant drop in CO conversion. They also measured low activity, high methane selectivity 
and low olefin-to-paraffin ratio on catalysts containing carbon deposits. The lowest activity and 
highest CH4 selectivity were measured on the catalysts with the highest amount of carbon (treated 
at 450 oC). With the aid of in-situ XPS analysis, they observed a shift in binding energy for the 
graphite-covered metallic Co from 777.6 eV (for metallic Co obtained after reduction with H2) to 
778.6V, and considered a possible electron transfer from cobalt to graphite. They suggested that 
an electron-deficient cobalt facilitates the formation of methane and light paraffins. In our study, 
the high methane selectivity measured on CO-reduced catalyst can also be explained by a high 
local H2/CO ratio as a result of significant mass transfer restrictions through microporous carbon 
layers that cover cobalt active sites. 
When evaluated at similar CO conversions (initial CO conversion of ca. 39%), the CO-activated 
catalyst still shows superior stability and the effect of catalyst activation by CO becomes positive 
at extended reaction times as illustrated in Figure 8. 
Like for the runs using similar space velocity, the results presented in Figure 8a show superior 
stability for the CO-reduced catalyst as the CO conversion was almost unchanged and remained 
around 37-39% for a period exceeding 120 hours, while a linear decline of ca. 2% per day was 
measured for the H2-activated catalyst. A similar pattern can be observed in Figure 8b, where the 
CO conversion has been plotted as a function of moles of CO converted per g of metal in the 






Figure 8. Comparison of CO- and H2-activated Pt/Co/Al2O3 catalyst samples at similar CO 
conversion: a) CO conversion vs TOS, b) CO conversion vs moles of CO converted per g of metal 
in the catalyst, c) CH4 selectivity and d) rate of C5+ hydrocarbons formation. (220 
oC, 20 bar, 
H2/CO = 2/1), ∆ H-350-15 (SV = 6 NL/g-cat/h) and □ C-300-15 (SV = 4.6 NL/g-cat/h).                                                                                                                                                
 
crease in the rate of formation of C5+ hydrocarbons (Figure 8d) with reaction time. For example, 
the methane selectivity increased from 8.7 to 12.2% and the rate of formation of C5+ hydrocarbons 
decreased from ca. 0.39 to 0.26 g/g-cat/h after ca. 123 hours. This behaviour was not observed for 
the CO-activated catalyst, which maintained a methane selectivity and a formation rate for C5+ 
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hydrocarbons of ca. 15% and 0.27 g/g-cat/h, respectively. At extended reaction times, the CO-
activated sample outperforms the deactivating H2-activated catalyst by maintaining a steady 
formation rate of C5+ hydrocarbons. This is due to the carbon shell that prevents i) small cobalt 
particles from sintering and ii) possibly, the accumulation of heavy hydrocarbons or the formation 
of polymeric carbon on the catalyst surface. 
4 Conclusions 
At early reaction times, the catalyst activated using diluted CO (5% CO/He) at 300 – 400 oC, 
displayed higher methane selectivity and lower activity compared to the H2-activated catalyst. 
However, this catalyst displayed superior stability, resulting in a better performance at extended 
reaction times, compared to a deactivating H2-reduced catalyst that showed an increase in CH4 
selectivity and a decline in the rate of formation of C5+ hydrocarbons.   The positive effect of 
catalyst activation by CO is explained by microporous carbon shells, which form during the 
activation process and prevent small cobalt particles from sintering under FT conditions, and 
possibly inhibit the formation of non-porous carbon on the catalyst surface. 
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